We investigated different strategies to prepare Mn(salen) complexes supported on a silica/clay-mineral composite. The silica/ clay-mineral surfaces were modified by grafting aminosilane groups, then Mn(salen) complexes were either grafted through a cross-linker, or deposited on the surface through interactions between amino group and manganese center. Two additional strategies, based on hydrogen bonds and electrostatic interactions, were also considered for comparison. The resulting materials were characterized using IR in diffuse reflectance mode, thermogravimetric analysis and elemental analysis in order to determine the manganese content and to establish the nature of the interaction between Mn(salen) complexes and silica/ clay-mineral material surface for the different preparation protocols. These catalysts, were used for cyclohexene oxidation by tert-Butyl hydroperoxide with the objective of correlating the nature of the interaction between the metallic complex and the support to the catalytic activity. They were also compared to similar systems prepared using fumed silica as support, evidencing the input of this silica/clay-mineral composite in the catalytic performances. The obtained materials exhibited differences in both reactivity and selectivity that can be related to the nature of the interaction between the metallic center and the oxide support. The highest conversions were observed when the Mn complexes were immobilized with rigidness on the support. Interestingly, the resulting materials exhibited a remarkable stability, as evidenced by the absence of leaching of Mn(salen) in the reaction batch, and hence an excellent reusability.
Introduction
The epoxidation of unfunctionalized olefins in presence of Manganese(III) salen complexes acting as catalysts is attracting growing interest since 1990 [1, 2] . Mn(salen) complexes were extensively studied for this reaction in homogeneous [3] [4] [5] conditions. However, the high cost of chiral salen transition metal complexes (TMC) in addition to the difficulty to separate and recover these catalysts from the reaction mixture, led to a significant effort to develop heterogeneous Mn(salen) catalysts by immobilizing these complexes on support [6, 7] .
For these systems, the choice of the support is crucial to achieve a successful immobilization. Various solid supports, especially inorganic or hybrid inorganic-organic porous materials like zeolites [8] , silica [9, 10] , carbon [11] , clay minerals [12] , and organosilica [13] as well as layered solids [14] , were used. Inorganic supports such as clay minerals are environmentally more acceptable and more resistant to organic solvents than organic supports. In this context, the smectites are good candidates to serve as supports. These layered clay minerals have an important cation exchange capacity [15] due to their negatively charged layers [16] and their high swelling potentials [17] . However, their thermal stability is limited making the internal surface inaccessible and therefore offering very limited area for TMCs immobilization. To overcome this issue, the clay layers can be pillared using thermally stable pillars that prevent the interlayer spaces from collapsing (so-called PILCs materials) [18] . However, the microporous size of the interlayer space limits the diffusion of voluminous molecules to the active sites, and therefore, the resulting systems exhibit low catalytic activity. Consequently, engineering materials with a controlled porosity is needed to solve the difficulties of diffusion in both adsorption and catalysis processes. To this end, we recently engineered, through a sol-gel process, an amorphous mesoporous silica/clay mineral composite materials with controlled porosity [19] . In this work, these silica/clay-mineral composite materials are used as support to immobilize the Mn(salen) complex using different attachment methods with two objectives: first, improving the catalytic efficiency of the supported Mn(salen) complexes compared to conventional supports, and second, investigating the effect of the type of interaction between the support and the complexes on the catalytic properties.
The immobilization of chiral manganese (III) salen complexes can be achieved either by covalent bonds or by non-covalent interactions with the surface. Grafting and anchoring terms refer to the chemisorption of TMCs to the surface and thus exclude physisorbed species (through either hydrogen bonds or Van der Waals interactions). In the case of TMCs grafting, one or several groups of the support's surface are chemically bound to the metal; the support is part of the metal inner coordination sphere and thus acts as a ligand. In the case of anchoring, the metal center of an organometallic complex is connected to the surface via one of its ligand that acts as linker (also-called tether or spacer). This attachment method has two advantages: first, it broadens the range of possible surface chemistries and second, it provides additional flexibility to the anchored complex [20] . In this paper we followed different strategies to deposit the Mn(salen) complexes on silica/clay-mineral composite surfaces. Mn(salen) and/or the aryldiamine Mn(salen) complexes were either physisorbed on silica/clay-mineral material or chemically attached to a composite modified by grafting aminopropyltriethoxysilane [21] (APTES) on its surface. In a last strategy, APTES-grafted composite was further modified by PDC (1,4-phenylenediisothiocyanate), acting as a cross-linker [22] . With these strategies, four catalytic materials were prepared as illustrated in Fig. 1 and Fig. 1 Modification procedure of Mn(salen) complex and the methodologies adopted to immobilize the manganese complex on silica/clay support, together with the name used for each catalyst carefully characterized in order to investigate the nature of the interactions between Mn(salen) complexes and silica/ clay-mineral surface. These materials were then used in the cyclohexene oxidation reaction and their catalytic activities were measured and compared to those of Mn(salen) and aryldiamine Mn(salen) complexes tested in the same reaction as homogeneous catalysts. The catalytic performances of the systems synthesized in this work were compared to the results obtained previously using fumed silica as support [10] . The efficiencies are also discussed based on the preparation strategy and correlated to the nature of the link between Mn(salen) complexes and the silica/clay-mineral support.
Materials and Methods

Materials
Tetraethoxysilane (TEOS, 99%, Aldrich), cetyltrimethylammonium bromide (CTAB, 99%, Sigma), hydrochloric acid (HCl, 37%, Scharlau), 3-aminopropyltriethoxysilane
, Sigma-Aldrich), 1,4 phenylene diisothiocyanate (PDC, 98%, Sigma-Aldrich), tetrahydrofuran (THF, 99.9%, Sigma-Aldrich), p-phenylene diamine (Sigma) cyclohexene (99%, Sigma-Aldrich) and tert-butyl hydroperoxide (TBHP, 5.5 mol L −1 in decane, Sigma) were used without further purification.
Methods
Preparation of Silica/Clay-Mineral Composite
The synthesis and characterization of the silica/clay-mineral composite has been reported in a previous work [19] . Briefly, 17.75 ml of a TEOS/ethanol solution (1 mol L −1 ) were mixed with 1.5 g of CTMA-montmorillonite in presence of 1.44 ml of an aqueous HCl solution (0.8 mol L −1 ) until gelation. The use of a pre-swelled clay mineral provides a better delamination of the layers. The obtained gel was dried at 70 °C and then calcined at 600 °C under oxygen. During this calcination step, the organic component was decomposed and the clay mineral layers were totally dehydroxylated leading to a nearly amorphous solid. The surface area of this calcined silica/clay-mineral composite (hereafter denoted ├Si/clay) was about 381 m 2 g −1 and this material was shown to contain both micropores and mesopores (S meso = 184 m 2 g −1 ; S micro = 197 m 2 g −1 ) [19] . 2 -MnC]: [MnC] was modified following the procedure described by Huang et al. [23, 24] : 1 mmol of Mn(III) salen was mixed with 10 mL of tetrahydrofurane, then 1 mmol of p-phenylene diamine was added. The mixture was kept under stirring with a reflux condenser for 15 h at 60 °C.
Synthesis of modified Mn(III)salen [NH
Preparation of 3-aminopropyl-modified silica/claymineral├Si/clay^^NH 2 : 5 g of ├Si/clay were first dispersed in 90 mL of dry toluene. After adding 6.8 mL of 3-(aminopropyl)-triethoxysilane (APTES), the suspension was stirred at 60 °C for 24 h and then filtered. The obtained solid was washed in a Soxhlet apparatus with methanol (in order to remove unreacted APTES) and finally dried at 80 °C for 4 h.
Preparation of modified silica/clay-mineral with the crosslinker├Si/clay^^NH-R-NCS: 1 g of APTES-modified composite (├Si/clay^^NH 2 ) was added to a 20 mL of a 10.4 mmol L −1 solution of 1,4-phenylenediisothiocyanate in pyridine/DMF (10%/90%, v/v). The suspension was left under stirring during 2 h at room temperature and away from light [25] . The solid was washed with DMF then with ethanol and dried overnight at 75 °C.
Immobilization of Mn(III) salen complexes: Four catalysts were prepared following the procedures described in Fig. 1 
Characterization
A Bomem MB 155 infrared spectrometer was used for IR in DRIFT mode measurements. After dissolution of the solid, the manganese was analysed by ICP using a Horiba Jobin-Yvon (Activa) apparatus. Carbon and nitrogen were analyzed by an EMIA-V2-Horiba 200 V analyzer. TG measurements were performed under air flow using a SDTQ600 apparatus. Samples were heated starting from 25 °C to 150 °C with a heating rate of 10 °C min −1 . The temperature was then kept constant for 70 min at 150 °C and finally increased to 800 °C with a heating rate of 5 °C min −1 .The temperature range between 25 and 150 °C corresponds to departure of water and the temperature range between 150 and 800 °C, corresponds to the decomposition of organic compounds. The organic matter loss was expressed on a dry weight basis.
Cyclohexene Oxidation
For the catalytic reactions, 5.0 mL of dichloromethane, 0.25 mL of cyclohexene, 0.1 mL of toluene (internal standard) and 0.05 g of catalyst were stirred at 40 °C in a 50 mLround-bottom flask set with a reflux condenser and under N 2 . Then, the oxidant, 0.5 mL of t-BuOOH, was added to the stirred solution under nitrogen. After a reaction time of 24 h, products were collected and analysed using an Agilent GC gas chromatography equipped with an HP5-MS capillary column. A good separation of the analytes was obtained thanks to an appropriate temperature program and assignment of GC peaks to analytes was performed by comparison with retention time of commercial chemicals (see supporting information for temperature program of GC oven and retention time). The GC response for each analyte was calibrated by measuring known concentrations of the corresponding commercial chemical. Toluene was used as internal standard to correct from small variations in the injected volume (1 µL). A blank test (without catalyst) was performed under the same conditions to establish the absence of oxidation of cyclohexene under these conditions and a very low conversion (below 1%) was indeed observed.
To validate the heterogeneity of the catalytic process and the reusability or the catalyst, the catalyst was separated from the reaction medium after a reaction time of 24 h, and then the reaction was continued for additional 24 h. The recovered catalyst was dried at 60 °C and re-used in the cyclohexene oxidation reaction.
Results and Discussion
Mn(salen) complexes ([MnC]) were deposited on the silica/clay-mineral support (├Si/clay) following four strategies leading to different types of interaction between the manganese complex and the support as depicted in Fig. 1 . First, an aryldiamine modified [MnC] was prepared by adding a phenylenediamine [22] 
Silica/Clay-Mineral Support Functionalization and Characterization
Silica/clay-mineral was used as support for Mn complexes either pristine, or modified by APTES and eventually by coupling the cross linking agent, PDC, to the amine groups of ├Si/clay^^NH 2 . IR spectroscopy in DRIFT mode was used to follow these successive steps. The spectra obtained for ├Si/clay, ├Si/clay^^NH 2 and ├Si/clay^^NH-R-NCS are shown in Fig. 2a -c, respectively. All spectra show some common features arising from the silica/clay-mineral network: a band at 1288 cm −1 , assigned to hydroxyl groups bending, a second band at 798 cm −1 attributed to siloxane Si-O-Si stretching [26] , the stretching of the OH groups from silanols involved in hydrogen bonds leads to a very large band around 3400 cm −1 and includes water molecule vibrations, whereas the narrower band observed at 3630 cm −1 is assigned to isolated OH groups [27, 28] , and, finally, the small band around 1625 cm −1 is attributed to adsorbed water molecules.
After APTES grafting (sample ├Si/clay^^NH 2 ), the IR spectrum (Fig. 2b) shows additional bands, with the typical bands corresponding to C-H vibrations of aliphatic groups appearing at 2923 and 2863 cm −1 [29, 30] and a broad band 3250 cm −1 that can be assigned to N-H vibrations [25, 31] . These bands confirm the presence of APTES on the surface.
After reaction with the PDC (├Si/clay^^NH-R-NCS sample), the IR spectrum is clearly different from that observed for ├Si/clay^^NH 2 (Fig. 2c) . First, an intense band that can be associated to C=N stretching of N=C=S group appears at 1658 cm −1 . The vibration band of -N-C=S [32, 33] is also observed at 1389 cm −1 . In addition, a shoulder appears at 3052 cm −1 that can be ascribed to the aromatic C-H vibration [34] . Finally, two additional, weak but sharp, bands are observed at 1411 cm −1 and 1434 cm −1 and are assigned to C-N stretching frequency [35] and to the aromatic C=C [36] , respectively. All these features confirm the presence of the PDC molecule and the band associated with the -N-C=S group indicates that the PDC molecule has reacted with the NH 2 terminal group of APTES, whereas the band associated with C=N=S group indicates the availability of this group for further reactions. However, the persistence of ʋ(NH) vibrations, whose intensity increases for ├Si/clay^^NH-R-NCS compared to ├Si/clay^^NH 2 suggests an incomplete reaction of the cross-linker on the amine groups.
Thermogravimetric analysis was also used to investigate the modification of the silica/clay-mineral support and estimate the coverage for the modified support. The mass losses calculated from TG data are gathered in Table 1 .
The results displayed in this table are expressed for two temperature ranges 20-150 °C corresponding to the departure of physisorbed water and 150-800 °C associated with organic matter decomposition. In the first region, there are no significant differences in mass losses between ├Si/ clay^^NH 2 and ├Si/clay^^NH-R-NCS suggesting similar amounts of physisorbed water molecules and therefore, similar hydrophilic character. For the higher temperature range 150-800 °C, the mass loss was clearly higher for ├Si/clay^^NH-R-NCS in agreement with the addition of PDC cross-linker to the surface. The amount of APTES present on ├Si/clay^^NH 2 surface was estimated from this data to 1.5 mmol g −1 . This value may seem high compared to the results of Pereira et al. [37] , i.e. 0.9 mmol g −1 for APTES-laponite support and 1.1 mmol g −1 for APTES-K10-montmorillonite, but is very close to the previous results found with silica [10] . Note that the value 1.5 mmol g −1 was obtained assuming that the organic loss corresponds exclusively to the departure of -C 3 H 6 -NH 2 without considering the presence of the few residual ethoxy groups observed on the IR spectra. The concentration would be slightly lower (but still higher than 1 mmol g −1 ) if, in addition to -C 3 H 6 -NH 2 , we consider the departure of one ethoxy group per grafted APTES molecule, which is clearly an overestimation, considering the low intensity of the IR bands at 1124 and 1203 cm −1 in Fig. 2b . TG results show that the weight loss due to PDC decomposition is about 3.9%, i.e. 0.2 mmol of PDC per gram of solid, a value that is relatively low compared to the APTES coverage measured above. Thus, only 13 to 20% of the APTES extremities have reacted with the crosslinker and the surface is terminated by more amine functions than thiocyanates.
To further investigate silica/clay-mineral support modification, elemental analyses were conducted. The results are summarized in Table 1 . For ├Si/clay^^NH 2 , the C and N elemental analyses show that the ratio C/N is slightly higher than 3 (precisely 3.2). This value is consistent with the structure of a grafted APTES molecules; the small deviation of 0.2 may result from the persistence of few ethoxy groups on the surface. On ├Si/clay^^NH-R-NCS, the addition of PDC, which contains two terminal ends N=C=S groups, leads to an increase of both N and C content. The amount of PDC linked to the surface can be estimated from the increase in N concentration compared to ├Si/clay^^NH 2 : the nitrogen coverage from PDC molecule (which contains 2 N) is 0.42 mmol g . Therefore, consistently with the data obtained from thermal analysis, only 20% of APTES molecules were further modified by PDC and the support referred to as ├Si/clay^^NH-R-NCS is terminated by a mixture between -N=C=S and -NH 2 with a large dominance of amine groups.
Supported Mn(salen) Catalysts Characterization
IR spectra in DRIFT mode of the supported Mn catalysts are shown in Fig. 2 . ├OH + [NH 2 -MnC] (Fig. 2d) , ├NH 2 + [NH 2 -MnC] (Fig. 2e) , ├NH 2 + [MnC] (Fig. 2f) and ├NCS + [NH 2 -MnC] (Fig. 2g) samples present the same large and poorly resolved spectra. It is worth noting, for all spectra, the low intensity of the band at 1288 cm −1 assigned to hydroxyl group. The comparison of ├NH 2 + [NH 2 -MnC] and ├NH 2 + [MnC] spectra (Fig. 2e-f , respectively) to ├Si/ clay^^NH 2 one, (Fig. 2b) shows the persistence of a broad band associated with υ(NH) vibration at ca. 3350 cm −1 of the grafted APTES molecules indicating that not all amine groups were consumed upon adding Mn complexes. Besides, the spectrum shows new bands at 1610 and 1530 cm −1 , assigned to C=N and C=C groups of the salen ligand, respectively, which confirms their presence on the surface.
The comparison of ├NCS + [NH 2 -MnC] spectrum (Fig. 2g) to ├Si/clay^^NH-R-NCS one (Fig. 2c) shows that the intensity of the band at 1389 cm −1 related to -N-C=S is still present. The band assigned above to the C=N vibration is also still present, but shifts from 1658 to 1648 cm −1 . The presence of this band suggests the incomplete reaction between the free end of the crosslinker and the amine group belonging to the metal complex. The ├NCS + [NH 2 -MnC] spectrum (Fig. 2g) illustrates also the presence of a shoulder at 3062 cm −1 assigned to aromatic C-H vibration. Finally, the bands in the range 3300-3500 cm −1 are ascribed to N-H vibrations of Mn(salen) in addition to the C=N and C=C bands.
Thermogravimetric analysis was used to evaluate the amount of retained Mn complexes. Table 1 shows the organic material contents between 150 and 600 °C for the four prepared samples. After immobilization of the Mn complex the mass loss between 150 and 800 °C did not considerably increase. These amounts were significantly lower than those obtained by similar strategies using a non-porous SiO 2 support [10] . These lower loadings probably have two origins: first, in the composite material, the silanols are mostly located in the SiO 2 -like phase of the composite (the clay-mineral layers are expected to bear silanols only at their edges); second, the composite contains both micropores and mesopores and the bulkiness of the manganese complexes will likely impedes/limits its diffusion into the smaller pores of the silica/clay-mineral composite. Chemical analysis can provide more precise information about the amount of retained manganese complexes. Results of Mn, C and N analyses are given in Table 1 . For all supports, a manganese uptake ranging between 0.08 and 0.13 mmol g −1 is observed, indicating that, whatever the synthesis protocol Mn(salen) complexes interact strongly enough with the support to withstand the washing step. Moreover, the Mn(salen) loadings are significantly lower than the APTES loading (about 1.5 mmol g −1 ) and the PDC loading (about 0.21 mmol g −1 ). Hence, based on chemical analysis, the Mn(salen) loadings are not inconsistent with the theoretical immobilization schema (Fig. 1) Moreover, DRIFT results did not confirm the existence of a covalent bond between the free side of PDC and manganese complex. Thus, at this stage, the strategy applied to synthesis the catalyst ├NCS + [NH 2 -MnC] is neither confirmed nor refuted by the characterization techniques. Note that, for these systems, ├NCS + [NH 2 -MnC] and for ├NH 2 + [NH 2 -MnC], the amounts of Mn were similar. We can therefore not exclude, based on characterization solely that the mode of interaction of the Mn complex with the surface is the same for these two catalysts.
Catalytic Test
Catalytic activities and selectivities of the four catalytic materials prepared above were assessed for the oxidation of cyclohexene using tert-butyl hydroperoxide (TBHP) as the oxidant in the liquid phase. The products of this catalytic reaction are cyclohexenol (Enol), cyclohexenone (Enone), cyclohexanone (One), cyclohexene oxide (Epox) and cyclohexane diols (Diol). To obtain these products two pathways must be considered as illustrated in Fig. 3: The oxidation of the C=C bond of cyclohexene with peroxides yields the cyclohexene oxide which upon further reaction with water, produces cyclohexane-1,2-diol. The oxidation of the allylic C-H bond results in alcohol (2-cyclohexene-1-ol in equilibrium with cyclohexanone) and ketone product (2-cyclohexene-1-one). The resulting products, 2-cyclohexene-1-ol and 2-cyclohexene-1-one, are used in the manufacture of high-value pharmaceuticals [38] , and cyclohexene oxide can react in cationic polymerization to yield poly(cyclohexene oxide) which is useful in many applications (coatings, ink and adhesives) [39] .
The catalytic results obtained for the four catalytic materials are summarized in Table 2 .
For comparison, the catalytic performances of the Mn(salen) and the aryldiamine Mn(salen) complexes, measured in the same conditions but in homogeneous mode, are also gathered in Table 2 . For homogeneous catalysts, the conversions, when expressed as a function of manganese amount in the reactive media are similar for the two catalysts. Therefore, we can conclude that the addition of the aryldiamine ligand to the Mn(salen) does not affect the accessibility nor the efficiency of the active sites in homogenous catalysis.
For heterogeneous catalysts, the two functionalized composites prepared using the aryldiamine modified Mn(salen) [NH 2 -MnC] and based on a weak interaction with the support (├OH + [NH 2 -MnC] and ├NH 2 + [NH 2 -MnC]) gave conversions equal to 37.6 and 23.6%, respectively. Here also, ) showing a positive input of the silica/clay-mineral composite. The two supports have slightly the same surface area (390 and 381 m 2 g −1 for the fumed silica and the silica/clay-mineral, respectively). Therefore, this enhancement may result from the porosity of the silica/ clay-mineral composite compared to the non-porous fumed silica. When comparing the catalytic performances of the four systems prepared herein, the data from Table 2 show that the conversion (relative to the number of mol of manganese) varies by a factor of almost 2.5. Hence, the synthesis protocol has a clear incidence on the activity of the catalyst. This does not seem to be related to the MnC loading as catalysts with similar loading (e.g. ├NCS + [NH 2 . Interestingly, this classification into two with distinct conversion is linked to the strength of the interaction between the metal and the support: the first group corresponds to the catalysts for which a weak interaction on the MnC with the support is expected, whereas, in the second group, a stronger interaction is expected: for ├NH 2 + [MnC], one expect that the NH 2 group enter in the coordination sphere of the manganese, whereas, for ├NCS + [NH 2 -MnC] the manganese complex is expected to be tethered to surface by the reaction of the terminal NCS group with the amine group of [NH 2 -MnC] (see Fig. 1 ). This relationship between immobilization and activity can be extended to the homogeneous catalysts: indeed the weaker activity of these catalysts compared to their heterogeneized counter parts could be assigned to their higher mobility.
[ 2 -MnC] complex in homogeneous catalysis. Therefore, we can assume that the catalytic pathway is governed by the nature of the transition metal complex rather than the interaction with the support, yet, thus must be validated for identical catalytic conversions.
Finally, we assessed the heterogeneity of the catalytic reaction by recovering the catalyst and continuing the reaction to ensure that there were no dissolved Mn complexes. Therefore, after 24 h of reaction, the catalysts were separated from the liquid phase and the reaction was allowed to continue in the homogeneous mixture. For all the four systems, no additional conversion of cyclohexene was observed. This clearly indicates that the catalytically active centers are not subject to leaching phenomena. Moreover, the study of recyclability of composite catalysts during the cyclohexene oxidation after two cycles was performed (Fig. 4) .
The results obtained by comparing two successive runs show no decrease in the conversions. These features confirm the stability of the active sites and the absence of leaching of the Mn complexes under reaction conditions, independently of the synthesis strategy. In addition, when fumed silica was used as a support, Mn-catalysts showed lower chemical stability since a small decrease in the activity (2-5%) during the second run was observed [10] . With this composite silica/clay-mineral material the catalytic activity totally preserved between the first and the second cycle. The porosity of this silica/clay-mineral material, compared to fumed silica porosity, is a possible explanation to this enhancement as it may protect the active sites and further stabilize the catalytic system. 
Conclusion
Mn(salen) complexes supported on a silica/clay-mineral composite material were prepared following different strategies aiming either at an anchoring of the complex to the surface or at weaker interactions (electrostatic or Van der Waals type interactions). Our approaches included the modification of the metallic complex (by adding an aryldiamine ligand) and/or the grafting of functional molecules on the composite surfaces. To avoid active species leaching, the loosely bound Mn(salen) complexes were removed by washing. The combination of several characterization techniques allowed us to validate three strategies among the four explored herein. However, for the strategy involving a cross linker on the modified Mn(salen) complexes, the establishment of a covalent bond was not demonstrated by our spectroscopic data but remains possible. The use of the silica/clay-mineral composite as support led to a considerable improvement of the catalytic performances of the systems synthesized in this work compared to the results obtained using fumed silica as support. In addition, the catalytic results showed that modifying the Mn(salen) by adding the aryldiamine ligand did not affect its activity in the cyclohexene oxidation but had an influence on its selectivity. We also observed that the catalytic properties were enhanced when the catalytic sites were immobilized with rigidness on the support; the highest performances were recorded for the strategy involving a silylation of the support followed by the Mn complex immobilization through a grafting mechanism. Regardless of the strategy employed for the catalysts synthesis, the interaction between the active site and the composite surface was irreversible allowing the reusability of the catalysts without any leaching. This stability was slightly improved compared to fumed silica confirming the considerable input arising from the use of these silica/clay-mineral composites porous supports for these systems.
